DCHTS ODD 
PSYCHOLOGY 



HYPOTHESIS AND THEORY ARTICLE 

published: 22 July 2013 
doi: 10.3389/fpsyg. 2013. 00463 




To total amount of activity and beyond: perspectives on 

measuring physical behavior 

Johannes B. J. Bussmann * and Rita J. G. van den Berg-Emons 

Department of Rehabilitation Medicine, Erasmus MC University Medical Center Rotterdam, Rotterdam, Netherlands 



Edited by: 

Martina K. Kanning, University of 
Stuttgart, Germany 

Reviewed by: 

Wolfgang M. Schlicht, University of 
Stuttgart, Germany 
Thomas Kubiak, Johannes 
Gutenberg University Mainz, 
Germany 

Philip S. Santangelo, Karlsruhe 
Institute of Technology, Germany 

*Correspondence: 

Johannes B. J. Bussmann, 
Department of Rehabilitation 
Medicine, Erasmus MC University 
Medical Center Rotterdam, 
's-Gravendijkwal 230, PO Box 2040, 
3015 CE Rotterdam, Netherlands 
e-mail: j.b.j. bussmann® 
erasmusmc.nl 



The aim of this paper is to describe and discuss some perspectives on definitions, 
constructs, and outcome parameters of physical behavior. The paper focuses on the 
following constructs: Physical activity and active lifestyle vs. sedentary behavior and 
sedentary lifestyle; Amount of physical activity vs. amount of walking; Detailed body 
posture and movement data vs. overall physical activity data; Behavioral context of 
activities; Quantity vs. quality; Physical behavior vs. physiological response. Subsequently, 
the following outcome parameters provided by data reduction procedures are discussed: 
Distribution of length of bouts; Variability in bout length; Time window; Intensity and 
intensity threshold. The overview indicates that physical behavior is a multi-dimensional 
construct, and it stresses the importance and relevance of constructs and parameters 
other than total amount of physical activity. It is concluded that the challenge for the future 
will be to determine which parameters are most relevant, valid and responsive. This is a 
matter for physical behavior researchers to consider, that is critical to multi-disciplinary 
collaboration. 
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INTRODUCTION 

Over the last few decades, the methods used to objectively assess 
a person's behavior in terms of body postures (e.g., sitting, stand- 
ing), body movements (e.g., walking, cycling), and/or daily activ- 
ities (e.g., sports, gardening) in a daily life setting have improved 
considerably. Devices have become smaller, power consumption 
requirements have decreased, data storage capacity has increased, 
and innovative, integrated sensors have been developed. From 
the beginning, outcome variables related to this type of behav- 
ior mainly focused on amount and volume parameters, such as 
number of steps, volume of physical activity as expressed by total 
number of counts, and total energy expenditure. These devel- 
opments and outcome variables have contributed to a better 
understanding of daily behavior and a more accepted role of it 
in research and clinical practice. 

However, at the same time, the development of knowledge 
within this area is threatened by some theoretical and method- 
ological issues. Firstly, vagueness and variability exist in terminol- 
ogy, concepts and definition of behavior related to body postures, 
movements and daily activities. An example of this is the term 
physical activity. This term is most common in literature, and 
mostly defined as any bodily movement produced by skeletal 
muscles that requires energy expenditure (Caspersen et al., 1985). 
However, physical activity as defined in this way does not cover 
all aspects of behavior that can be relevant (e.g., body postures as 
sitting and standing), and therefore cannot be used as umbrella 
term. 

At the same time, the term is defined and used in ways that 
significantly differs from the definition stated above, as stated 
by Pettee Gabriel et al. (2012). Therefore, we will use and pro- 
pose in this paper the term physical behavior as umbrella term, 



which includes the behavior of a person in terms of body postures, 
movements, and/or daily activities in his/her own environment. 

Secondly, the importance of well-selected outcome measures 
is not always fully recognized. For example, physical behavior is 
not only characterized by amount or volume, but also by other 
aspects, as illustrated below with an example from research we 
were involved in. In 2004 Garssen et al. performed a study on 
effects of training in severely fatigued patients with Guillain Barre 
Syndrome (Garssen et al, 2004). It was assumed by doctors and 
therapists that this group had a low level of physical fitness, that 
they were hypoactive and that they had a lot of problems with 
functioning and participation in daily life. These assumptions 
were indeed confirmed, with the exception of the assumption on 
hypoactivity. No significant difference in amount of being physi- 
cally active (i.e., time spent in walking, cycling, running, etc.) was 
found with healthy controls, and no significant effects of an exer- 
cise program on this parameter were observed. In the discussion 
section it was concluded: "In contrast with most physiologic and 
subjective variables, objectively measured daily physical activity 
using the Rotterdam Activity Monitor did not show any signifi- 
cant increase in activity. This may suggest that changing the level 
of daily physical activity is not an important adaptation strategy 
in these fatigued patients." Although it is uncertain that this con- 
clusion is false, it is justified to put some question marks behind 
it. Did we really focus on the right aspect of physical behavior? 

Most overview or review papers so far have focused on char- 
acteristics of, and differences between, techniques, and devices. 
The aim of this paper is to describe and discuss some perspec- 
tives on measuring physical behavior, with a distinction between 
different constructs of physical behavior, and different outcome 
variables resulting from data reduction procedures. The paper 



www.frontiersin.org 



July 2013 | Volume 4 | Article 463 | 1 



Bussmann and van den Berg-Emons 



Perspectives on measuring physical behavior 



does not pretend to give a complete overview of literature, but 
aims to demonstrate by examples that physical behavior is more 
than total amount of activity. 

CONSTRUCTS OF PHYSICAL BEHAVIOR 

PHYSICAL ACTIVITY AND ACTIVE LIFESTYLE vs. SEDENTARY 

BEHAVIOR AND SEDENTARY LIFESTYLE 

As already stated, physical activity can be defined as any bod- 
ily movement produced by skeletal muscles that requires energy 
expenditure (Caspersen et al., 1985). The volume of physical 
activity is mostly expressed by the number of activity counts 
per time period, which depends on the amount and intensity 
of movement. From these counts, energy expenditure can be 
estimated. When the type, amount and/or intensity of physical 
activity or energy expenditure over longer periods (e.g., a week) 
exceeds defined guidelines, this behavioral pattern can be char- 
acterized as an "active lifestyle." So far, most studies that aimed 
at (improving) health have focused on measuring the volume 
of physical activity or energy expenditure from this perspective. 
However, recent studies showed the relevance of sedentary behav- 
ior. The term sedentary is related to the Latin word "sedere" (to 
sit) and defined as "any waking sitting or lying behavior with low 
energy expenditure" (Wilmot et al, 2012). However, also other 
definitions exist, such as "sitting without being otherwise active" 
(Owen et al, 2011), or "a distinct class of activities that require 
low levels of energy expenditure and involve sitting during com- 
muting, in the workplace and the domestic environment, and 
during leisure" (Thorp et al, 2011). These definitions broadly 
fit with — but are not similar to — the commonly used criterion 
of 1—1.5 metabolic equivalent units (MET's; multiples of basal 
metabolic rate) (Wilmot et al., 2012). 

Sedentary behavior is not just the counterpart of physical 
activity (Lord et al., 2011; Owen et al, 2011; Wilmot et al., 2012). 
For example, a person cannot be "active" and "sedentary" at the 
same moment, but he/she can have an "active lifestyle" from the 
perspective of physical activity or energy expenditure, and simul- 
taneously be characterized by having a sedentary lifestyle because 
of long periods of sitting or reclining with low levels of energy 
expenditure. That sedentary behavior patterns are different from 
just low levels of physical activity is supported by several studies, 
that show the active lifestyle-independent relationship between 
sedentary behavior and disease, health markers, and mortality 
(Proper et al, 2011; Thorp et al., 2011; Wilmot et al., 2012). Thus, 
the literature indicates that health-related research must not only 
focus on physical activity and its guidelines, but also on sedentary 
behavior. 

AMOUNT OF PHYSICAL ACTIVITY vs. AMOUNT OF WALKING 

So far, many studies have specifically focused on amount aspects 
of walking, including number of steps, distance walked, and walk- 
ing time. Step counting was one of the first, widespread applica- 
tions of activity monitoring. The underlying idea of step counting 
is that walking is the most important modality of physical activity 
and that it is a major contributor to activity-related energy expen- 
diture (Bravata et al., 2007). This point of view is also reflected 
in studies including public health recommendations in terms of 
steps/day (Tudor-Locke and Bassett, 2004). Walking parameters 



like the number of steps can be relevant from certain perspec- 
tives, but besides methodological problems [e.g., in low walking 
speeds (Feito et al., 2012) or distorted walking (Mudge et al., 
2007)], the extrapolation to total level of daily physical activity 
has to be done with care. That being physically active is not sim- 
ilar to walking is also shown by data of our department from a 
large data set of healthy, Dutch control subjects who were mea- 
sured with the Vitaport Activity Monitor (TEMEC Instruments, 
Kerkrade, The Netherlands) (Bussmann et al., 2001), a device 
that allows detailed body posture and movement detection. These 
data showed that overall in this population walking duration only 
contributes for 75% to the duration of being active and, besides 
that, there is a large inter-individual range (43-98%) (unpub- 
lished observation). Therefore, it can be concluded that number 
of steps or walking duration is a questionable-valid estimator of 
time being active, and that a considerable underestimation may 
occur. 

DETAILED BODY POSTURE AND MOVEMENT DATA vs. OVERALL 
PHYSICAL ACTIVITY DATA 

Most accelerometer-based wearable monitors are based on the 
principle of movement counts from a single sensor, with the 
number of counts depending on the amount and intensity of 
movements. A limitation of this approach is that no distinction 
can be (easily) made between different postures, movements and 
daily activities. As described in the preceding paragraph, seden- 
tary behavior, can be approached from the perspective of energy 
expenditure and from the perspective of body postures as sit- 
ting. The first perspective needs techniques that validly measure 
energy expenditure/MET's, the second one requires body pos- 
ture detection. The ActivePAL device (PAL technologies, Glasgow, 
UK) is currently considered a reference method for discriminat- 
ing sitting, standing, and ambulation. The potential relevance 
of detailed body posture and movement data has been shown 
by Hamilton et al. (2007), who have provided evidence (based 
on electromyography and lipoprotein lipase activity) that sit- 
ting and standing are physiologically different. Detailed posture 
and movement data can also be used to improve the estima- 
tion of energy expenditure in daily life (Bonomi et al., 2009). 
An example from another perspective is a study by Cumming 
et al. (2011), who reported favorable effects of early mobilization, 
with lying in bed being considerably different from a mobi- 
lization point of view than sitting out of bed. These examples 
express some potential benefits of data on specific postures and 
movements. 

BEHAVIORAL CONTEXT OF ACTIVITIES 

Most studies and devices focus on physical behavior over the 
whole day, for example the number of steps per day. It might 
be, however, that not the total quantity (amount or volume) is of 
interest, but the quantity performed within a specific behavioral 
context of activities (Giles-Corti et al, 2005). Thus, the target 
(Giles-Corti et al., 2005) or domain (Healy et al, 2011a) of that 
activity (e.g., shopping, watching television) as well as the set- 
ting or physical environment (e.g., walking indoors, outdoors) 
should then be considered. This issue is well described in a paper 
of Giles-Corti et al. (2005), and an example is a study of Duncan 
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et al. (2009) which studied the relationship between built environ- 
ment and walking outdoors (defined as transport-related physical 
activity and recreational walking). In such a study, not all walk- 
ing periods are of interest, but mainly the periods of walking 
performed outdoors. The behavioral context is mostly assessed 
by observation or diaries and questionnaires, but future techno- 
logical developments will also allow registration in other ways, 
such as GPS (Duncan et al., 2009) and miniature camera systems. 
Examples and discussion of combining the assessment of physi- 
cal behavior and context variables using e-dairies in everyday life 
can be found in literature (Bussmann, 2013; Ebner-Priemer et al., 
2013; Kanning, 2013). 

QUANTITY vs. QUALITY 

Physical behavior not only concerns amount and volume (quan- 
tity), it's also about the way activities are performed (or quality). It 
might be that diseases or interventions do not affect quantity, but 
do affect quality. Every posture, movement, or physical activity 
has its own quality aspects. For example, in walking symme- 
try, stability, spatio-temporal parameters, and walking speed are 
examples of quality parameters. A good example of this quantity- 
quality issue are recent studies by de Groot et al. and Vissers et al. 
on the effects of osteoartrosis and total hip artroplasty on phys- 
ical behavior (de Groot et al., 2008; Vissers et al., 2011). When 
quantity parameters were analysed — such as time spent walk- 
ing and number of sit-to-stand transitions — no differences were 
found pre-surgery between patients and healthy controls, and 
no effects were found from pre- to post-surgery. When quality 
data were analysed — such as walking speed and speed of rising 
from a chair — significant differences and effects of treatment were 
found. So apparently, diseases and surgery did influence physical 
behavior, but not quantitative aspects of physical behavior. 

PHYSICAL BEHAVIOR vs. PHYSIOLOGICAL RESPONSE 

Many accelerometers aim to estimate energy expenditure, which 
results from, but is no part of physical behavior. With the focus 
on energy expenditure, movement counts are converted to kilo- 
calories, mostly with gender, weight, height, and age taken into 
account. However, movement efficiency (the ratio of external 
work performed compared to the internal energy expended to do 
the work) is generally not considered and, especially in disabled 
people, movement efficiency might considerably differ between 
persons and groups. As a result, the relationship between e.g., 
movement counts and energy expenditure will strongly vary. 

For example, persons walking with a lower limb prosthesis 
have been shown to have a similar activity count as healthy con- 
trols when walking at a fixed speed, but the physiological response 
(expressed by heart rate and oxygen uptake) was significantly 
higher in amputees (Bussmann et al., 2004b). In such cases, 
accelerometry will underestimate the actual energy expenditure. 
From another perspective, this phenomenon was also found in 
another study by our group (Bussmann et al., 2004a, 2008): com- 
pared with healthy controls, people with an amputation were 
shown to walk less and at a lower walking speed, but the heart rate 
during walking was not significantly different, demonstrating the 
conceptual difference between physical behavior parameters and 
its physiological responses. It can be concluded that — especially 



in persons or groups that differ in movement efficiency — physical 
activity and the associated physiological response are different 
constructs, but both are important to assess. 

PHYSICAL BEHAVIOR OUTCOME VARIABLES RESULTING 
FROM DATA REDUCTION PROCEDURES 

The previous paragraph focused on different conceptual con- 
structs of physical behavior. However, the same construct can be 
operationalized in different ways, and different constructs simi- 
larly. Actually, it is an issue of data processing. In the literature, 
amount, and volume of physical behavior outcome variables are 
usually presented in terms of duration and frequency, such as 
the mean count per minute, the total number of steps, and the 
number of sit-to-stand transitions. It can be questioned whether 
these overall outcome variables are sufficiently relevant, valid, 
and responsive in all conditions. In this paragraph we will dis- 
cuss some additional methods of data processing, aiming at bout 
length and frequency, variability in bout length, the time window, 
and intensity and thresholds. 

BOUT LENGTH AND FREQUENCY 

The same amount and volume of body postures and movements 
and daily activities can be achieved by many short bouts inter- 
spersed throughout the day or from few long bouts (Figure 1; 
bars A,B). For example, 60min of walking during a regular day 
can be composed of 30 walking bouts of 2 min, or two walking 
bouts of 30 min. The importance of bout length is described in 
literature. For example, a study of Healy et al. (2011b) suggests 
that besides reducing sedentary time, breaking up sedentary time 
may be beneficial for cardiovascular disease risk. Another exam- 
ple is provided by Chastin et al. (2010) who showed that persons 
with Parkinson Disease (PD) did not differ from healthy subjects 
in the total amount of sedentary time, but did significantly differ 
in distribution parameters: subjects with PD had longer continu- 
ous periods of sedentary behavior than their healthy comparison 
subjects. In a study of our group (Keijzer-Oster et al., unpublished 
data) we explored the physical behavior of computer workers with 
and without Repetitive Strain Injury (RSI). Data showed that the 
two subgroups did not differ in overall amount of sitting, but that 
there was a significant difference in number of breaks in sitting, 
expressed by the number of sit-to-stand transitions (see Figure 2). 
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FIGURE 1 | Graphical representation of differences in distribution of 
length of bouts and variability in bout length. The gray bars indicate 
sedentary behavior (sitting). 
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FIGURE 2 | Mean and SD of percentage sitting (for graphical reasons 
divided by 10) and number of sit-to-stand transitions per hour during 
working hours in computer workers with and without RSI. 



In contrast to the expectations, subjects with RSI had a larger 
number of STS transitions. Generally, these results indicate that 
in some cases no effect is found on amount or volume measures, 
whereas these are found in the area of distribution. 

VARIABILITY IN BOUT LENGTH 

The same total amount can be built up from similar-length bouts 
(i.e., of the same duration, Figure 1; bar B), or from bouts with 
variable length (Figure 1; bar C). There are many physiological 
processes in human functioning in which variability is considered 
to be important, for example as a measure of capability to adapt 
to different circumstances. For example, Madeleine et al. (2008) 
showed that workers with pain and workers with less work experi- 
ence had less variable movement patterns than those without pain 
or with more experience. On the other hand, too much variabil- 
ity may be disadvantageous; e.g., patients with PD are not able to 
walk with a consistent gait pattern, and this increased variability is 
associated with PD symptoms and fall risk (Weiss et al., 201 1). To 
date, studies have rarely focused on variability analysis of activi- 
ties of interest, but it can be hypothesized that variability in bout 
length for specific activities also represents the ability to adapt 
and/or consequences of diseases on physical behavior. Similarly, 
variability in other aspects of physical behavior (e.g., walking 
speed, daily activity counts) and in the physiological responses 
resulting from it (such as heart rate) might express the capacity to 
adapt. 

TIME WINDOW 

In studies of physical behavior, data are generally averaged over 
the whole measurement period. By such analyses it might be 
that effects are averaged out. An example of this phenomenon 
is a study by Rochester et al. (2006). They compared volume 
measures such as amount of time walking, amount of time stand- 
ing, and number of walk periods in subjects with PD vs. healthy 
control subjects. Whole-day analyses showed no significant dif- 
ferences between these groups. When data were expressed on 
an hourly basis, however, different patterns were found. This 
means that the relevance of the outcome variables depends on 
the time window of analyses. Similarly, this might be the case 



between weekend and work days, with possibly no differences 
on a weekly basis, but significant differences when a distinction 
is made between work and weekend days. Therefore, the time 
window of analyses should be carefully chosen before starting a 
study. 

INTENSITY AND INTENSITY THRESHOLD 

In many cases the overall activity count or energy expenditure is 
assessed. However, the same overall activity count can result from 
long periods of low-intensity physical activity or a short period of 
vigorous physical activity. From a health perspective, the physio- 
logical effect of these two examples will be considerably different. 
Therefore, in many studies and instruments, the data are not only 
presented as, for example, mean MET score, but also as minutes 
in different intensity or MET categories (e.g., light, moderate, 
vigorous; e.g., Ekelund et al, 201 1). 

One example is a study of Janz et al. (2006), which showed that 
the number of minutes above a certain intensity level is related 
to femoral neck bone strength in children. In the same line of 
reasoning, Duvivier et al. (2013) concluded that given constant 
energy expenditure, reducing inactivity by increasing the time 
spent walking/standing is more effective than one hour of physi- 
cal exercise, from the perspective of insulin sensitivity and plasma 
lipids. 

DISCUSSION 

In this overview the umbrella term "physical behavior" was 
purposely used. Although we realize that physical activity is 
a more familiar construct, we also feel that the term is con- 
fusing and that it does not logically and semantically cover 
all its underlying constructs. Others already attempted to cre- 
ate a conceptual framework of physical activity, e.g., Pettee 
Gabriel et al. (2012). They also recognize the umbrella con- 
cept of (physical) behavior. However, their model is strongly 
based on the distinction between two types of behavior (physical 
activity and sedentary), whereas we feel that physical behav- 
ior has much more relevant descriptors and components. In 
agreement with Pettee Gabriel et al., we feel that (physical) 
behavior does not include the physiological responses result- 
ing from it, although they will be strongly related to each 
other. 

As stated in the introduction section, the issues and cases 
described and discussed in this paper are examples to illustrate 
the central message that physical behavior is more than amount 
and volume, and that failure to find an effect or differences does 
not mean that there are no effects on physical behavior. We realize 
that in this paper literature is not extensively and systematically 
discussed, and that the given examples are arbitrary. A next step 
might be a systematic and in-depth review on some of the topics 
that are discussed in the current paper. 

From our perspective we feel that the challenge for the 
future will be to determine which parameters are clinically rele- 
vant, valid, and responsive. There will be no general answer on 
this question: the parameter of interest will necessarily depend 
on the purpose of measurement. As formulated by Terwee 
et al. (2011): "...for measuring physical activity as a risk fac- 
tor for developing osteoarthritis an instrument should measure 
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the mechanical load [on the joints].... for measuring physical 
activity as a protective factor against functional decline, an instru- 
ment should measure frequency and duration of recreational 
activities such as walking and cycling." We feel that in several cases 
a device is used and data are presented just because that device 
was available and has a specific parameter as main outcome vari- 
able. We therefore strongly recommend a clear analysis of the aim 
of the study and measurement and the component of physical 
behavior of interest, in line with the reasoning of e.g., Warren et al. 
(2010) and Clanchy et al. (2011). 

If possible, that aim must be hypothesis-driven and embed- 
ded in current state of knowledge; random "data fishing" must be 
avoided as much as possible. As a result, we also strongly recom- 
mend that studies focus on underlying mechanisms. Of course, 
RCT's focusing on physical behavior and/or including measure- 
ment of physical behavior will be important, but understanding 
the role of physical behavior in the problem of interest and its 
determinants are at least equally important. 

Stating that defining relevant, responsive and valid outcome 
variables must be based on a good question is a somewhat sim- 
plified way of reasoning. Many factors and people play a role in 
defining the question and outcome variables produced by data 
reduction procedures. First of all, people with practical knowl- 
edge and experience, such as doctors and therapists, are essential. 
Technicians and data analysts are needed for developing usable 
hardware and software that have relevant outcome variables 
as output. Researchers are necessary for e.g., methodologically 
testing outcome variables produced by data reduction proce- 
dures and for integrating research projects in current scientific 
knowledge. Together with other disciplines they can introduce 
and test new theories and models, possibly originating from 
other areas and disciplines. From our point of view it's a choice 



between "following the status quo," and hoping to hit the tar- 
get with luck, or a coordinated, focused and multi-disciplinary 
action. 

RECOMMENDATIONS 

To improve the research on physical behavior, we recommend for 
new studies: 

(1) To be aware of the "state of the art" of physical behavior 
measurement and outcome parameters; 

(2) To make a clear link between (clinical) problem and (rele- 
vant) behavior parameters; 

(3) To specify in the research question the aspects of physical 
behavior at interest; 

(4) To describe and discuss the selection of parameters in the 
paper; 

(5) To describe in detail the measurement settings and applied 
data reduction procedures; 

(6) To select devices meeting the research question and selected 
outcomes, not vice versa; 

(7) To use outcomes that are tested in focused and sound valida- 
tion studies; 

(8) To consider the added value of (simultaneous) acquisition of 
other data, such as physiological and psychological parame- 
ters, and context; 

(9) To be eager to be innovative and inventive; 

ACKNOWLEDGMENTS 

The authors would like to thank the following people who con- 
tributed to the studies of our department used in this paper: J. D. 
Keijzer-Oster, M. R Garssen, F. C. Schasfoort, I. B. de Groot, M. 
M. Visser, E. A. Grootscholten, and H. J. Schrauwen. 



REFERENCES 

Bonomi, A. G., Plasqui, G., Goris, 
A. H., and Westerterp, K. R. 
(2009). Improving assessment 
of daily energy expenditure by 
identifying types of physical activ- 
ity with a single accelerometer. 
J. Appl. Physiol. 107, 655-661. doi: 
10.11 52/japplphysiol.OO 1 50.2009 

Bravata, D. M., Smith-Spangler, 
C., Sundaram, V., Gienger, A. 
L., Lin, N., Lewis, R., et al. 
(2007). Using pedometers to 
increase physical activity and 
improve health: a systematic 
review. JAMA 298, 2296-2304. doi: 
10.1001/jama.298. 19.2296 

Bussmann, J. (2013). One plus one 
equals three {or more ...): com- 
bining the assessment of movement 
behavior and subjective states in 
everyday life. Front. Psychol. 4:216 
doi: 10.3389/fpsyg.2013.00216 

Bussmann, J. B., Grootscholten, E. A., 
and Stam, H. J. (2004a). Daily 
physical activity and heart rate 
response in people with a unilateral 
transtibial amputation for vascular 



disease. Arch. Phys. Med. Rehabil. 
85, 240-244. doi: 10.1016/S0003- 
9993(03)00485-4 
Bussmann, J. B., van den Berg-Emons, 
H. J., Angulo, S. M., Stijnen, T., 
and Stam, H. J. (2004b). Sensitivity 
and reproducibility of accelerom- 
etry and heart rate in physical 
strain assessment during pros- 
thetic gait. Eur. J. Appl. Physiol. 91, 
71-78. doi: 10.1007/s00421-003- 
0916-1 

Bussmann, J. B., Martens, W. L., Tulen, 
J. LL, Schasfoort, R C., van den 
Berg-Emons, H. J., and Stam, H. 
J. (2001). Measuring daily behav- 
ior using ambulatory accelerome- 
try: the activity monitor. Behav. 
Res. Methods lustrum. Comput. 33, 
349-356. 

Bussmann, J. B., Schrauwen, H. J., 
and Stam, H. J. (2008). Daily 
physical activity and heart rate 
response in people with a uni- 
lateral traumatic transtibial ampu- 
tation. Arch. Phys. Med. Rehabil. 
89, 430-434. doi: 10.1016/j.apmr. 
2007.11.012 



Caspersen, C. J., Powell, K. E., and 
Christenson, G. M. (1985). 
Physical activity, exercise, and 
physical fitness: definitions and 
distinctions for health- related 
research. Public Health Rep. 100, 
126-131. 

Chastin, S. R, Baker, K., Jones, D., Burn, 
D., Granat, M. H., and Rochester, 
L. (2010). The pattern of habit- 
ual sedentary behavior is differ- 
ent in advanced Parkinson's disease. 
Mov. Disord. 25, 2114-2120. doi: 
10.1002/mds.23146 

Clanchy, K. M., Tweedy, S. M., and 
Boyd, R. (2011). Measurement of 
habitual physical activity perfor- 
mance in adolescents with cere- 
bral palsy: a systematic review. Dev. 
Med. Child Neurol 53, 499-505. doi: 
10.1 1 1 l/j.l469-8749.2010.03910.x 

Cumming, T. B., Thrift, A. G., Collier, 
J. M., Churilov, L., Dewey, H. M., 
Donnan, G. A., et al. (2011). Very 
early mobilization after stroke 
fast -tracks return to walking: 
further results from the phase II 
AVERT randomized controlled 



trial. Stroke 42, 153-158. doi: 
10.1161/STROKEAHA.l 10.594598 

de Groot, I. B., Bussmann, H. J., Stam, 
H. J., and Verhaar, J. A. (2008). 
Small increase of actual physical 
activity 6 months after total hip 
or knee arthroplasty. Clin. Orthop. 
Relat. Res. 466, 2201-2208. doi: 
10.1007/sll999-008-0315-3 

Duncan, M. J., Badland, H. M., and 
Mummery, W. K. (2009). Applying 
GPS to enhance understand- 
ing of transport-related physical 
activity. /. Sci. Med. Sport 1 2 , 
549-556. doi: 10.1016/j.jsams. 
2008.10.010 

Duvivier, B. M., Schaper, N. C, 
Bremers, M. A., van Crombrugge, 
G., Menheere, P. P., Kars, M., et al. 
(2013). Minimal intensity physical 
activity (standing and walking) of 
longer duration improves insulin 
action and plasma lipids more than 
shorter periods of moderate to vig- 
orous exercise (cycling) in sedentary 
subjects when energy expenditure is 
comparable. PLoS ONE 8:e55542. 
doi: 10.1371/journal.pone.0055542 



www.frontiersin.org 



July 2013 | Volume 4 | Article 463 | 5 



Bussmann and van den Berg-Emons 



Perspectives on measuring physical behavior 



Ebner-Priemer, U. W., Koudela, S., 
Mutz, G., and Kanning, M. (2013). 
Interactive multimodal ambu- 
latory monitoring to investigate 
the association between phys- 
ical activity and mood. Front. 
Psychol 3:596 doi: 10.3389/fpsyg. 
2012.00596 

Ekelund, U., Tornkinson, G., and 
Armstrong, N. (2011). What pro- 
portion of youth are physically 
active? Measurement issues, lev- 
els and recent time trends. Br. 
]. Sports Med. 45, 859-865. doi: 
10.1136/bjsports-2011-090190 

Feito, Y., Bassett, D. R., and Thompson, 

D. L. (2012). Evaluation of activ- 
ity monitors in controlled and 
free-living environments. Med. Sci. 
Sports Exerc. 44, 733-741. doi: 
10.1249/MSS.0b013e3182351913. 

Garssen, M. P., Bussmann, J. B., 
Schmitz, P. I., Zandbergen, A., 
Welter, T. G., Merkies, I. S., et al. 
(2004). Physical training and 
fatigue, fitness, and quality of life in 
Guillain-Barre syndrome and CIDP. 
Neurology 63, 2393-2395. 

Giles-Corti, B., Timperio, A., 
Bull, E, and Pikora, T. (2005). 
Understanding physical activ- 
ity environmental correlates: 
increased specificity for ecological 
models. Exerc. Sport Sci. Rev. 33, 
175-181. 

Hamilton, M. T., Hamilton, D. G., and 
Zderic, T. W. (2007). Role of low 
energy expenditure and sitting in 
obesity, metabolic syndrome, type 
2 diabetes, and cardiovascular dis- 
ease. Diabetes 56, 2655-2667. doi: 
10.2337/db07-0882 

Healy, G. N., Clark, B. K., Winkler, 

E. A., Gardiner, P. A., Brown, W. 
J., and Matthews, C. E. (2011a). 
Measurement of adults' sedentary 
time in population-based studies. 
Am. J. Prev. Med. 41, 216-227. doi: 
10.1016/j.amepre.2011.05.005 

Healy, G. N., Matthews, C. E., Dunstan, 
D. W, Winkler, E. A., and Owen, N. 
(2011b). Sedentary time and cardio- 
metabolic biomarkers in US adults: 
NHANES 2003-2006. Eur. Heart 



J. 32, 590-597. doi: 10.1093/eur- 
heartj/ehq451 

Janz, K. E, Gilmore, J. M., Burns, 
T. L., Levy, S. M., Torner, J. C, 
Willing, M. C., et al. (2006). 
Physical activity augments bone 
mineral accrual in young chil- 
dren: the iowa bone development 
study. /. Pediatr. 148, 793-799. doi: 
10.1016/j.jpeds.2006.01.045 

Kanning, M. (2013). Using objective, 
real-time measures to investigate the 
effect of actual physical activity on 
affective states in everyday life dif- 
ferentiating the contexts of working 
and leisure time in a sample with 
students. Front. Psychol. 3:602 doi: 
10.3389/fpsyg.2012.00602. 

Lord, S., Chastin, S. E, Mclnnes, 
L., Little, L., Briggs, P., and 
Rochester, L. (2011). Exploring 
patterns of daily physical 
and sedentary behaviour in 
community-dwelling older adults. 
Age Ageing 40, 205-210. doi: 
10.1093/ageing/afql66 

Madeleine, P., Voigt, M., and 
Mathiassen, S. E. (2008). The 
size of cycle -to -cycle variability in 
biomechanical exposure among 
butchers performing a standardised 
cutting task. Ergonomics 51, 
1078-1095. doi: 10.1080/ 
00140130801958659 

Mudge, S., Stott, N. S., and Walt, 
S. E. (2007). Criterion validity of 
the StepWatch Activity Monitor as 
a measure of walking activity in 
patients after stroke. Arch. Phys. 
Med. Rehabil. 88, 1710-1715. doi: 
10.1016/j.apmr.2007.07.039 

Owen, N., Sugiyama, T., Eakin, E. 
E., Gardiner, P. A., Tremblay, 
M. S„ and Sallis, J. F. (2011). 
Adults' sedentary behavior deter- 
minants and interventions. Am. 
J. Prev. Med. 41, 189-196. doi: 
10.1016/j.amepre.201 1.05.013 

Pettee Gabriel, K. K., Morrow, J. R. 
Jr., and Woolsey, A. L. (2012). 
Framework for physical activity 
as a complex and multidimen- 
sional behavior. /. Phys. Act Health 
9(Suppl. 1), S11-S18. 



Proper, K. I., Singh, A. S., van 
Mechelen, W, and Chinapaw, 
M. J. (2011). Sedentary behav- 
iors and health outcomes among 
adults: a systematic review of 
prospective studies. Am. J. 
Prev. Med. 40, 174-182. doi: 
10.1016/j.amepre.2010.10.015. 

Rochester, L., Jones, D., Hetherington, 
V., Nieuwboer, A., Willems, A. 
M„ Kwakkel, G., et al. (2006). 
Gait and gait-related activities 
and fatigue in Parkinson's dis- 
ease: what is the relationship? 
Disabil. Rehabil. 28, 1365-1371. doi: 
10.1080/09638280600638034 

Terwee, C. B., Bouwmeester, W., van 
Elsland, S. L., de Vet, H. C, and 
Dekker, J. (2011). Instruments 
to assess physical activity in 
patients with osteoarthritis of 
the hip or knee: a systematic 
review of measurement properties. 
Osteoarthritis Cartilage 19, 620-633. 
doi: 10.1016/j.joca.2011.01.002 

Thorp, A. A., Owen, N., Neuhaus, 
M., and Dunstan, D. W. (2011). 
Sedentary behaviors and subse- 
quent health outcomes in adults 
a systematic review of longitu- 
dinal studies, 1996-2011. Am. 
J. Prev. Med. 41, 207-215. doi: 
10.1016/j.amepre.201 1.05.004 

Tudor-Locke, C, and Bassett, D. R. 
Jr. (2004). How many steps/day 
are enough? Preliminary pedome- 
ter indices for public health. Sports 
Med. 34, 1-8. 

Vissers, M. M., Bussmann, J. B., de 
Groot, I. B., Verhaar, J. A., and 
Reijman, M. (2011). Walking and 
chair rising performed in the daily 
life situation before and after total 
hip arthroplasty. Osteoarthritis 
Cartilage 19, 1102-1107. doi: 
10.1016/j.joca.2011.06.004 

Warren, J. M., Ekelund, U., Besson, 
H., Mezzani, A., Geladas, N., and 
Vanhees, L. (2010). Assessment 
of physical activity - a review of 
methodologies with reference to 
epidemiological research: a report 
of the exercise physiology section 
of the European Association of 



Cardiovascular Prevention and 
Rehabilitation. Eur. J. Cardiovasc. 
Prev. Rehabil. 17, 127-139. 
doi: 10.1097/HJR.0b013e328 
32ed875 

Weiss, A., Sharifi, S., Plotnik, M., 
van Vugt, J. P., Giladi, N., and 
Hausdorff, J. M. (2011). Toward 
automated, at-home assessment 
of mobility among patients 
with Parkinson disease, using 
a body-worn accelerometer. 
Neurorehabil. Neural Repair 25, 
810-818. doi: 10.1177/154596831 
1424869 

Wilmot, E. G., Edwardson, C. L., 
Achana, F. A., Davies, M. J., 
Gorely, T, Gray, L. J., et al. 
(2012). Sedentary time in adults 
and the association with dia- 
betes, cardiovascular disease and 
death: systematic review and 
meta-analysis. Diabetologia 55, 
2895-2905. doi: 10.1007/s00125- 
012-2677-z 

Conflict of Interest Statement: The 

authors declare that the research 
was conducted in the absence of any 
commercial or financial relationships 
that could be construed as a potential 
conflict of interest. 

Received: 13 May 2013; accepted: 03 Jidy 
2013; published online: 22 July 2013. 
Citation: Bussmann JBJ and van den 
Berg-Emons RJG (2013) To total amount 
of activity..... and beyond: perspec- 
tives on measuring physical behavior. 
Front. Psychol. 4:463. doi: 10.3389/fpsyg. 
2013.00463 

This article was submitted to Frontiers in 
Movement Science and Sport Psychology, 
a specialty of Frontiers in Psychology. 
Copyright © 2013 Bussmann and van 
den Berg-Emons. This is an open- 
access article distributed under the terms 
of the Creative Commons Attribution 
License, which permits use, distribution 
and reproduction in other forums, pro- 
vided the original authors and source 
are credited and subject to any copy- 
right notices concerning any third-party 
graphics etc. 



Frontiers in Psychology | Movement Science and Sport Psychology 



July 2013 | Volume 4 | Article 463 | 6 



